Chemokines interact with glycosaminoglycans (GAGs) at the cellular surface and to specific cell-surface receptors to activate signaling pathways. The GAG interaction allows the formation of a chemotactic gradient of chemokine required for cell haptotaxis and chemokine oligomerization. Poxviruses encode secreted chemokine-binding proteins with no sequence similarity to their cellular counterparts to modulate the host immune system. The E163 protein from ectromelia virus, the causative agent of mousepox, binds chemokines through their GAG-binding domain. In addition, E163 interacts with GAGs to be anchored at the cell surface, but its ability to interfere with chemokine-GAG interactions has not been demonstrated. We report the identification of the GAG-binding regions in E163 and the generation of mutant forms deficient of GAG binding. Chemokine binding assays show that some of the E163 GAGbinding sites are also involved in the interaction with chemokines. By using recombinant GAG-binding mutant forms we demonstrate that E163 prevents the interaction of chemokines with cell-surface GAGs, providing mechanisms for the immunomodulatory activity of the viral chemokine-binding protein E163.
interacts with C and CC chemokines through their GPCR domain and bind GAGs simultaneously (32) . The poxvirus 35-kDa vCKBP binds through the GPCR-binding domain of the chemokines and abrogates cellular chemotaxis in vitro (33) (34) (35) (36) . The three-dimensional structure of some vCKBPs, alone or complexed with chemokines was solved and show unique structural foldings not found in host proteins (5, 6, (37) (38) (39) (40) (41) .
The ectromelia virus (ECTV) E163 vCKBP and its orthologue A41 encoded by VACV bind a reduced set of CC and CXC chemokines with high affinity at the nanomolar range (42, 43) . The three-dimensional structure of the A41 protein showed structural similarity to the poxvirus 35-kDa vCKBP and the SECRET domain (5, 6, 42) , belonging to the poxvirus immune evasion domain (6, 9) . The E163 vCKBP interacts with the GAG-binding region of the chemokines and does not inhibit cellular chemotaxis in vitro. Also, this vCKBP is capable of binding GAGs (heparin, heparan sulfate, chondroitin sulfate A, and chondroitin sulfate B) with different affinities and, consistently, it shows canonical GAG binding sequences (43) . The biological consequences of the interaction of E163 with GAGs have not been elucidated and the GAG-binding region of this protein has not been characterized.
We report a further characterization of the interaction of ECTV E163 with GAGs and the construction of variant forms of E163 deficient in their GAG-binding capacity. We also show that E163 blocks the interaction of chemokines with cell-surface GAGs and propose a mechanism of action for this vCKBP.
Results

Expression of E163 protein and mutant versions deficient in GAG binding
The ECTV E163 protein is a GAG-binding protein. Two potential GAG-binding sites ( 152 LKPRDFKT 159 and 213 RKILK-KKF 220 ) were previously identified (43) and we detected a third potential GAG-binding site ( 141 KTKDFMK 147 ) ( Fig. 1, A and  C) . These regions of the E163 protein (A: BXBXXXB; B: BXBXXB; and C: BBXXBBB) closely fit to canonical GAG-binding motifs (BBXB and BBBXXB) (44). To identify GAG-binding sites of this vCKBP we generated six recombinant protein mutants in the GAG-binding regions, named E163-1 to E163-6 ( Fig. 1B) . Site-directed mutagenesis was performed to replace the basic residues, Arg or Lys, of these GAG-binding regions by A (Table 1) , and the protein variants were expressed in the baculovirus system. Purification of a representative mutant protein, E163-2, is shown in Fig. 2A . The Western blot identified a higher molecular size band suggesting that the protein may form dimers (Fig. 2B) .
Characterization of the GAG-binding region of E163
We next assessed whether purified recombinant E163 and E163-1 to E163-6 proteins retained the ability to bind GAGs. First, we immobilized heparin onto a BIAcore CM5 sensor chip and tested the binding of E163 and E163-1 to E163-6 to the artificial GAG surface by surface plasmon resonance (SPR) (Fig.  3 ). The E163 protein bound to heparin, consistent with the previously described high affinity interaction of E163 with heparin (43) . However, the E163-1 to E163-6 mutant proteins totally or partially lost their ability to bind heparin. The E163-1 (lacking the B region) and E163-3 (lacking the C region) proteins lost their capacity to bind heparin. The E163-2 protein (lacking the A region), E163-4 (lacking the A and B regions), E163-5 (lacking the B and C regions), and E163-6 (lacking the A and C regions) showed reduced binding to heparin. The double mutant proteins, E163-4, E163-5, and E163-6, showed low association and dissociated slowly. These results indicated that the A, B, and C regions of the E163 vCKBP are involved in the interaction with heparin.
To test the interaction of E163 with more complex GAGs present on the cellular surface we used CHO-K1 cells that express all types of GAGs and the mutant CHO-618 cells that do not express GAGs (45) . We demonstrated by flow cytometry analysis that the recombinant E163 protein binds to the surface of CHO-K1 cells (Fig. 4, A and B) . The VACV type I interferonbinding protein (B18), known to interact with cell-surface GAGs (10) , and the vCKBP MHV-68 M3 (26) were used as positive and negative controls, respectively. We also showed that E163 secreted from ECTV-infected cells bound to CHO-K1 cells, whereas no positive signal was observed with supernatants from cells infected with a mutant virus lacking E163 expression ( Fig. S2 ). Reduced binding to CHO-K1 cells was observed with all mutant E163 proteins, and the results from three independent experiments showed that mutant proteins E163-4 (lacking the A and B regions) and E163-5 (lacking the B and C regions) significantly lost their binding to the cellular surface compared with the WT protein ( Fig. 4, A and B) . Binding of the proteins to the surface of CHO-618 cells, deficient in GAG expression, showed nonspecific binding to cells, but in this case no significant differences were observed between the WT E163 protein and the mutant proteins ( Fig. 4 , C and D). Lack of binding of the VACV B18 protein to CHO-618 cells confirmed reduced GAGs at the surface of these cells (Fig. 4C ). This experiment confirmed that the A, B, and C regions of the E163 vCKBP are specific GAG-binding sites. In summary, we observed that the B region of the E163 protein is essential for high affinity binding to GAGs but it needs the mutation of the A or C regions simultaneously to lose significant interaction of the protein to the cellular surface, as shown for the E163-4 and E163-5 proteins (Fig. 4B ). The E163-6 protein did not lose binding to CHO-K1 cells because the B region was not mutagenized (Fig. 4B ).
Involvement of the GAG-binding regions of the E163 protein in chemokine binding
The three-dimensional structure of the 35-kDa vCKBP in complex with chemokine has been determined by NMR spectroscopy (41) . The residues that are essential for the interaction of the vCKBP with the chemokine are localized at ␤-sheet II and at the 2-4 loop of the protein. Although the A41-chemokine complex has not been solved by crystallography, the structural modeling based on the crystal structure of the A41 protein suggested that the interaction of A41 and 35-kDa vCKBP with chemokines involves the same regions (42) . We carried out a sequence alignment between A41 and E163 proteins ( Fig. 1A) to localize the residues mutated in proteins E163-1 to E163-6 in the three-dimensional structure of the A41 protein (Fig. 1C) . The B and C regions of the E163 protein are situated closely to
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the ␤-sheet I (Fig. 1C ). To investigate whether the GAG-and chemokine-binding regions of the E163 proteins are independent or overlap we carried out binding assays by SPR immobilizing E163 and E163-1 to E163-5 proteins onto BIAcore chip and tested murine chemokines (mCxcl12␣, mCxcl12␤, mCxcl13, mCxcl14, mCxcl16, mCcl2, mCcl21, mCcl24, and mCcl27) that are known ligands of E163 (43) ( Fig. 5 ). We used mCxcl16 and mCcl2 as negative controls. The E163-1 to E163-5 proteins interacted with all these chemokines but may be with different binding affinities ( Fig. 5 ), also indicating that their folding was largely preserved after the introduction of mutations. We also performed kinetic binding analysis between E163 mutant proteins and some chemokines to know whether there are differences in chemokine binding affinity compared with the WT protein ( Table 2) . Representative examples of the SPR kinetics assays are shown in Fig. S1 . We observed that the affinity constant (K D ) of all these interactions were in the nanomolar range. Mutations in the A region (E163-2) did not affect the affinity for mCxcl12␤ and had a minor effect on mCcl21 binding. By contrast, mutations in the B region (E163-1) reduced the binding to the chemokines mCxcl12␤ and mCxcl13. Simultaneous mutations in the B and C regions (E163-5) reduced the binding affinity of mCxcl12␤ but had a minor effect on hCCL21 binding. These results suggested that the GAG interacting domain A of E163 does not contribute to chemokine binding, whereas the GAG interacting domains B and C contribute to chemokine binding, but they play a more important role in the binding of the CXC chemokines than that of the CC chemokines tested.
E163 has the capacity of inhibiting the interaction between chemokines and the cellular surface
E163 interacts with the GAG-binding domain of chemokines and it was proposed to block the binding of chemokines to cell-surface GAGs (43) . However, this could not be tested in binding assays of chemokines to cells because E163 itself binds to the GAGs, and the E163-chemokine complex would remain bound to the cell surface in flow cytometry assays. However, the mutant versions of E163 with reduced GAG-binding activity allowed us to address whether E163 prevents the interaction of chemokines with GAGs. With this purpose, we tested the binding of hCCL21, a chemokine recognized by E163 (43) , to the cell surface in the absence or presence of E163. First, we confirmed that hCCL21 binds to CHO-K1 cells but does not bind to the GAG-deficient cell line CHO-618 ( Fig. 6A ). The inhibition of the binding of hCCL21 to cells in the presence of heparin confirmed that interaction between hCCL21 and CHO cells is mediated by GAGs ( Fig. 6A ). Next, we incubated hCCL21 in the presence of the E163, E163-4, or E163-5 proteins ( Fig. 6B ). As predicted, when CCL21 was preincubated with WT E163 we did not find any difference with the chemokine alone in terms of CCL21 binding to cells. We observed a reduction in chemokine binding to cells, compared with CCL21 alone, in the presence of E163-4 and E163-5, which was significant in the latter case ( Fig. 6, B and C).
The E163 protein can oligomerize
Western blot analysis suggested that the E163 protein may form dimers (Fig. 2B ). To know whether E163 vCKBP can form oligomers we carried out size exclusion chromatography of the purified recombinant E163 protein. The purified protein eluted in two peaks ( Fig. 7A ). Analysis of the relevant fractions by SDS-PAGE and Western blot with a specific anti-E163 antibody showed that the first peak contained two bands of 33 and 66 kDa, corresponding to monomeric and dimeric forms, whereas the second peak contained a single band of 33 kDa ( Fig.  7A ). We also immobilized purified recombinant E163 protein onto CM5 chips and tested the binding of purified E163, or 35-kDa vCKBP and BSA as negative controls (Fig. 7B ). The interaction of purified E163, but not the negative controls, with E163 protein covalently bound to the CM5 chip confirmed that this vCKBP is capable of interacting with itself.
Discussion
A variety of CKBPs have been identified in viruses and other pathogens (7, 8) . These immune modulatory molecules bind chemokines with high affinity but their mechanism of action to modulate chemokine activity is varied. Here we have characterized further the properties of the vCKBP E163 and its mechanism of action.
The interaction of chemokines with GAGs confers to the chemokines the capacity of being immobilized on the cell surface and extracellular matrix to generate a concentration gradient to guide immune cells to sites of inflammation and infection (46, 47). It has been proposed that interruption of the chemokine-GAG interaction may decrease the activity of chemokines in vivo (22, 23) . Chemokine mutants lacking GAG binding capacity are able to trigger cellular chemotaxis in vitro but lose chemotactic functions in vivo (22) . Transgenic mice carrying a Cxcl12 gene mutation that expresses a CXCL12 that cannot bind to GAGs but interacts with its specific CXCR4 receptor failed to induce both homeostasis and physiological functions in vivo (23) .
vCKBPs have distinct mechanisms of action to modulate the chemokine system. Some vCKBPs, such as the VACV 35-kDa 
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protein, prevent the interaction of chemokines with specific chemokine receptors and consequently prevent the activation of chemokine-mediated intracellular pathways and cell migration (33) . Alternatively, vCKBPs, such as the VACV A41 protein, interact with the GAG-binding domain of the chemokine and do not inhibit chemokine-induced cell migration in vitro. It was proposed that these vCKBPs block the presentation of the chemokine at the cell surface and the formation of a chemokine gradient required for their function in vivo (42, 43) . This hypothesis was supported by the ability of VACV A41 to modulate lymphocyte migration to sites of infection in animal models (48) . MHV-68 M3 protein has been shown to have both functions, preventing the binding of chemokines to cell receptors and the interaction of chemokines with GAGs in vitro (25, 27) .
In addition, there are vCKBPs, such as ECTV E163 and the 35-kDa homologue (M-T1) from myxoma virus, that simultaneously bind chemokines and GAGs by itself (43, 49) . This would retain the secreted vCKBP in the vicinity of the infected tissues and may also interfere with the interaction of chemokines with GAGs. GAG-mediated interaction with the cell surface has been described for other poxvirus cytokine decoy receptors, such as binding proteins for type 1 interferon and interleukin 18 (10, 13, 14) .
The GAG-binding regions of ECTV E163 or its orthologue VACV A41 had not been solved to date and the functional implications of this interaction remained unclear. We have identified here three GAG-binding regions in the E163 protein: 141 KTKDFMK 147 (A), 152 LKPRDFKT 159 (B), and 213 RKILK-KKF 220 (C). The discrepancies between the results of the binding to heparin by SPR and binding to cells may reflect the expression of complex GAGs at the surface of the cell, also expressing heparan sulfate or chondroitin sulfate. Also, characterization of the interaction of the E163 mutants to the cell surface is closer to the physiological conditions that occur in the infected host. Mutations in regions AϩB or BϩC had a major effect on cell binding, whereas the mutation of regions B or C alone was sufficient to lose binding to heparin. Cardin and Weintraub (44) defined canonical sequences involved in GAG binding, and other factors such as the existence of an Arg residue near these canonical sequences or secondary structure can influence the affinity (50). The B and C regions of E163 include 
an Arg residue that may contribute to the heparin binding that is lost after mutagenesis, which is not the case of the A region. Mutation of the B region was necessary, together with simultaneous mutations in either region A or region C, to abrogate binding to cells. Accordingly, simultaneous mutations of the A and C regions were not sufficient to prevent E163 binding to cells. These results suggest that the A, B, and C regions work cooperatively to interact with GAGs on the cellular surface.
These GAG-binding regions are located in areas of the E163 protein exposed and available to interact with other proteins or components (Fig. 1C ). As described for the 35-kDa vCKBP, the ECTV E163 orthologue in VACV has been proposed to interact with chemokines through the ␤-sheet II (41, 42) . We show that 
mutations in the GAG-binding regions do not abrogate chemokine binding but may affect the chemokine binding affinity. Mutation of the A region had a minor effect on chemokine binding, which is consistent with its location far from both ␤-sheets of E163 and suggests that this region does not contribute to chemokine binding. By contrast, mutations in the B and C regions reduced the binding affinity for CXC chemokines. Since these regions are close to ␤-sheet I, our results suggest that these sites may contribute to some extent to chemokine binding or that mutations in these regions may affect the overall protein folding and the structure of ␤-sheet II, the proposed chemokine-binding domain of E163. It should be noticed that mutations in the B and C regions had a minor effect on the interaction of hCCL21, suggesting that the interaction of CXC chemokines with E163 may be different to that of CC chemokines.
The E163 protein may form oligomers, likely dimers of 66 kDa. The Western blot results suggest that dimers may be formed through disulfide bonds. The crystal structure of VACV A41 showed that the 9 cysteine residues present in the protein were involved in the formation of 4 intramolecular disulfide bonds, leaving one cysteine residue available for the potential formation of an intermolecular bond to generate a dimer (42) . Whether or not disulfide bonds are involved, SPR analysis showed that E163 interacts with itself with the potential to form larger complexes. Dimerization of the herpesvirus M3 protein is required for its correct function (37) . The oligomerization of 35-kDa vCKBP homologues encoded by orf virus or myxoma virus (M-T1) has been demonstrated or suggested, but whether this is required for chemokine binding has not been addressed (8, 49) .
The interaction of E163 with the GAG-binding domain of chemokines was demonstrated previously, but the ability of E163 to block the interaction of chemokines with GAGs has not been shown before. This was difficult to demonstrate because E163 also interacts with GAGs and the E163-chemokine complex would remain bound to the cell surface. We took advantage of mutant forms of E163 that do not interact with GAGs to show that the protein blocks the interaction of chemokines with GAGs at the surface of cells. Structural predictions suggest that E163 should be able to bind GAGs and chemokines simultaneously, as demonstrated for myxoma virus M-T1 (49). The 
fact that a GAG-binding mutant E163, but not WT E163, inhibits the binding of CCL21 to cells supports the notion that E163 simultaneously interacts with chemokines while bound to the cell surface through GAGs.
The results presented in this report suggest that ECTV E163 interacts with the GAG-binding domain of chemokines and prevents the attachment of chemokines to GAGs at the cell surface and the formation of a chemokine gradient. E163 itself interacts with GAGs and the E163-chemokine complex is retained at the cell surface. In this way E163 may disrupt the correct presentation of chemokines to leukocytes, maybe by changing the three-dimensional structure of the chemokine or preventing the formation of larger, active chemokine clusters on the surface of cells, which have been proposed to be formed as a result of their interaction with cell-surface GAGs (51) . Alternatively, as suggested for the TSG-6 human CKBP, E163 may inhibit the transport of chemokines across the endothelial cell monolayer to be presented to the leukocytes (52, 53) . The important role of VACV A41 in virulence (48, 54) suggests that the ability of E163 and its A41 orthologue to sequester chemokines and alter their structure to allow these viruses to modulate the host immune response.
Experimental procedures
Cells, reagents, and viruses
Chinese hamster ovary K1 (CHO-K1) and proteoglycan-deficient variant CHO-618 cells (CHO-618) were kindly provided by Dr. F. Arenzana-Seisdedos (Institute Pasteur, Paris, France) and were grown in 10% fetal calf serum (FCS) containing Dulbecco's modified Eagle's medium (Gibco)/Ham's F-12 (1:1) (Gibco) medium. Hi5 insect cells were cultured in TC-100 medium supplemented with 10% FCS. BSC-1 cells were grown in medium supplemented with 2.5% FCS. Recombinant baculoviruses were grown in adherent Hi5 insect cells in 10% FCS TC-100 medium or suspension Hi5 cells maintained in Express Five (Life Technologies) medium for the generation of recombinant baculoviruses or protein expression, respectively. Recombinant cytokines were obtained from R&D Systems and Peprotech Inc. Biotin-conjugated heparin (from bovine intestinal mucosa) was from Calbiochem. ECTV strain Naval was grown in BSC-1 cells (55) . A mutant ECTV lacking the EVN163 gene (E163⌬ECTV) was used as a control and will be described elsewhere. 4
Cloning and expression of recombinant proteins
To generate plasmid pHH01 for the expression of a tagged E163-C protein, the sequences coding for amino acid residues 23-223 from the EVN163 gene from ECTV strain Naval (55) were amplified by PCR using primers containing EcoRI and XhoI restriction sites at the 5Ј and 3Ј termini, respectively. The PCR-amplified fragment was cloned into pAL7 (14) , a pFast-Bac1 vector bearing the honeybee melittin signal peptide at the 5Ј termini and a C-terminal V5-His 6 tag. Plasmids pHH02 to pHH07, bearing mutations in the EVN163 gene, were engineered by using the QuikChange II site-directed mutagenesis kit (Stratagene, Cedar Creek, TX). Plasmids were sequenced to confirm the presence of the desired mutations and the absence of unwanted mutations. The resulting constructions were named pHH01 (E163), pHH02 (E163-1), pHH03 (E163-2), pHH04 (E163-3), pHH05 (E163-4), pHH06 (E163-5), and pHH07 (E163-6) ( Table 1) . Recombinant baculoviruses were generated using the Bac-to-Bac system (Life Technologies) (24) . Viral stocks were amplified by infecting Hi5 cells at low multiplicity of infection (0.1-0.01 pfu/cell) to obtain high-titer baculovirus stocks for protein production. We also used as controls recombinant proteins B18 from VACV (56) A, analysis of purified E163 protein by size exclusion chromatography. Recombinant E163 expressed in the baculovirus system and purified with Ni 2ϩ -nitrilotriacetic acid columns was analyzed by gel filtration chromatography. The arrows indicate the two peaks in the chromatogram and the elution volume of the fractions is indicated in red. The lower panel shows Western blot analysis with anti-E163 specific antibodies of selected fractions containing E163. The elution volume of the fractions analyzed by Western blot, molecular size in kDa, and arrows marking the position of the E163 protein are indicated. B, homotypic interaction of E163 in SPR-binding assays. The E163 protein was immobilized onto a BIAcore chip and the interaction with 2 different concentrations (250 and 500 nM) of E163 (blue), cowpox virus 35-kDa strain Cheetah (red), and BSA (green) was tested. The flow rate was 10 l/min and the association (3 min) and the dissociation phases were monitored. A sensorgram is shown.
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murine gammaherpesvirus 68 (MHV-68) (26) , and the 35-kDa vCKBP from cowpox virus strain Cheetah (33) .
Protein expression and purification
Recombinant His-tagged proteins were purified with Ni 2ϩnitrilotriacetic acid columns (Qiagen) from supernatants of Hi5 cells infected at high multiplicity of infection (43) . Protein stocks were dialyzed against phosphate-buffered saline (PBS), quantified by BCA assay (Pierce Biotechnology) and gel densitometry, and stored at Ϫ80°C. The purified protein was used to generate a polyclonal rabbit anti-E163 serum. The analysis of the molecular size of the purified proteins was done in an AKTA-FLP purifier (GE Healthcare, Sweden). We detected the protein at 280 nM of absorbance and used molecular mass standards of 12-200 kDa (Sigma). The fractions containing E163 were concentrated using a 10-kDa cutoff ultracentrifuge tube and further purified by gel filtration chromatography through a Superdex TM 200 HiLoad 16/60 prepacked column in 0.02 M Hepes buffer (pH 7.0) containing 0.15 M NaCl and 0.001% sodium azide. The purified E163 protein was tested by SDS-PAGE (SDS-PAGE) and Western blotting.
Characterization of protein-protein interactions by SPR
Chemokine binding and affinity constants were determined by SPR using a BIAcore X100 biosensor (GE Healthcare). For ligand screening experiments, purified recombinant E163, E163-1 to E163-5 proteins were amine coupled to a CM5 or CM4 sensor chips (BIAcore, Inc.) to a level of ϳ300 -800 response units (RU) (300 -800 pg/mm 2 ) as described (24) . Recombinant chemokines were injected at 100 -200 nM into HBS-EP buffer (10 mM Hepes, 150 mM NaCl, 3 mM EDTA, 0.005% (v/v) surfactant P20 (pH 7.4)) at a flow rate of 10 l/min during 3 min and association and dissociation were monitored. The surface was regenerated after each injection by using 10 mM glycine-HCl (pH 2.0). For kinetic analysis, the recombinant protein was immobilized at a low density (R max , 200 RU) to minimize the effects of mass transfer. We used different concentrations of the corresponding chemokine at a flow rate of 30 l/min over a 2-min period and allowed to dissociate for an additional 5-15 min. Bulk refractive index changes were removed by subtracting the reference flow cell responses and the average response to a blank injection was subtracted from all analyte sensorgrams. Five different concentrations at single cycle kinetics assays and at least 7 different concentrations at multiple cycle kinetics of cytokines (in the range 2-100 nM) were injected at 30 l/min in HBS-EP and the collected sensorgrams were aligned and fitted to a 1:1 Langmuir model using the Biacore X100 Evaluation software. The kinetic constants were determined from fittings containing no less than 5 concentration sensorgrams.
Heparin binding analysis by SPR
We generated an artificial GAG surface onto CM5 sensor chips (BIAcore, Inc.). First, 2000 RU of streptavidin (Sigma) was immobilized by amine coupling in 10 mM acetate (pH 4.0). Then, we added 1 M ethanolamine (pH 8.5) and later passed 5 g/ml of biotinylated heparin diluted in 300 mM NaCl HBS-EP over one of the two flow cells, the other flow cell was used as specific binding control. Then we captured ϳ55 RU of biotinylated heparin. E163, E163-1 to E163-6 proteins were injected at a concentration of 150 nM over both flow cells at a rate of 30 l/min. Following the association phase, HBS-EP was allowed to flow over both cells to monitor the dissociation phase. The surface was regenerated with 1 M NaCl during 1 min. All BIAcore sensorgrams were analyzed using BIAcore X100 Evaluation software. Bulk refractive index changes were removed by subtracting the reference flow cell responses and the average response of a blank injection was subtracted from all analyte sensorgrams to remove systematic artifacts.
Sequence alignments and three-dimensional structure
Sequence alignments of A41 from VACV strain Western Reserve (GenBank accession number YP_233082) and E163 from ECTV strain Naval (EVN163) (55) were performed with ClustalW and ESPript 3.0 Bioinformatics tools to represent the three-dimensional structure of the A41 protein using PyMOL Bioinformatics tools (Delano Scientific LLC).
Analysis of protein binding to cells by flow cytometry
CHO-K1 and CHO-618 adherent cells were harvested with 2 mM EDTA in PBS and incubated on ice with recombinants proteins (E163, E163-1 to E163-6, M3 and B18) for 30 min in a total volume of 50 l, in triplicate. To analyze the interaction of the E163 protein naturally secreted from infected cells, 100 l of supernatant was incubated with CHO-K1 cells during 1 h at 4°C, in quadruplicate. Supernatants were harvested from BSC-1 cell cultures infected at low multiplicity of infection (0.05 pfu/cell) with ECTV or E163⌬ECTV, inactivated with psoralen and UV treatment (57) , and concentrated 35 times with Vivaspin 500 centrifugal concentrators (Sartorius) with 10-kDa cut-off. After incubation, cells were washed with 1% bovine serum albumin (BSA) and 1% FCS in PBS, and protein binding was assessed by flow cytometry using a polyclonal rabbit anti-E163 antibody followed by Alexa Fluor 488 antirabbit IgG secondary antibody. The data were collected on a FACSCalibur (BD Biosciences, San Jose, CA) and analyzed using FlowJo 8.8.6 software (Tree star, Ashland, OR).
Chemokine binding to cells by flow cytometry
To analyze the capacity of E163 to interfere with the interaction between CCL21 and CHO-K1 or mutant CHO-618 cells, we used the biotinylated human CCL21/6Ckine kit (R&D Systems Inc.) following the manufacturer's instructions. Biotinylated CCL21 was incubated with the cell suspension in the absence or presence of 500 nM E163, E163-4, E163-5 or control biotinylated protein at the same time as the chemokine, in quintuplicate. To show specificity of binding of the chemokine to GAGs of the cellular surface, excess heparin (1 mg/ml; Sigma) was added to the cells at the same time as the labeled chemokine.
Statistics analysis
Statistical analysis we performed with IBM SPSS Statistics 21 (IBM Software). We used the Student's t test for independent samples to evaluate the significance differences (p valueϽ0.05). 
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